Relative intensity f luctuations in single-mode class B lasers, i.e., a laser diode (LD) and a microchip Nd:YVO 4 solid-state laser (SSL), were examined. Experimental observations revealed significant difference in the characteristics of the LD and the SSL. A stochastic laser model and the Fokker -Planck equation approach were used, and reduced moment equations were developed. A close agreement was achieved between the theoretical and experimental results. As indicated by the theoretical analysis, the intrinsic parameter of the lasers; i.e., the time ratio between the lifetimes of the carrier density (population inversion) and the photons, is crucial to f luctuation dynamics. © 2002 Optical Society of America OCIS codes: 270.2500, 140.3580, 140.3460, 140.3570. Noise is inevitable in real systems, and the interplay between dynamic structures and noise has attracted considerable interest. Because of their benefits for real-world application and their academic interest, the stochastic responses of laser diodes (LDs), such as mode partition noise, mode-hopping noise, 1͞f -intensity noise, and the statistical properties of LD noise, 6 have also attracted attention.
Noise is inevitable in real systems, and the interplay between dynamic structures and noise has attracted considerable interest. Because of their benefits for real-world application and their academic interest, the stochastic responses of laser diodes (LDs), such as mode partition noise, mode-hopping noise, 1͞f -intensity noise, and the statistical properties of LD noise, 6 have also attracted attention. 1 It has been shown theoretically that the relative intensity f luctuation near the laser threshold becomes wild when small-signal analysis in the frequency spectrum domain with a multimode laser model is used. The experiment was also conducted with V-groove LDs and a microwave spectrum analyzer as a receiver. 2, 3 LDs are class B lasers, in which the polarization is adiabatically eliminated, and the dynamics can be described by a set of equations with two basic variables, the electric f ield and the carrier (population) density. Examples of class B lasers also include solid-state lasers (SSLs), which are of technological importance. Nevertheless, significant differences in the dynamics of LDs and microchip SSLs appear because the ratio of the population-to-photon lifetime in SSLs exceeds that in LDs by 2 -4 orders of magnitude. 4 -6 However, the difference in the stochastic responses of SSLs and LDs remains uncertain.
To explore f luctuation dynamics, we employed a single-mode microchip Nd:YVO 4 SSL and a singlemode LD. The 1-mm-thick Nd:YVO 4 laser (CASIX DPO 3104) was pumped by a high-power LD. The input surface of the laser crystal was coated so that it was highly ref lective at 1064 nm and antiref lective at the 808-nm LD pump wavelength. The output surface of the mirror provided 5% coupling, the pump threshold was 78 mW, and the temperature of the laser crystals was controlled at 22 ± C. Under low pump power, a single-longitudinal-mode oscillation was obtained and identif ied by a multiwavelength meter (HewlettPackard HP 86120B). Meanwhile, the LD was an index-guide single-mode laser (Limate APLD660-5I; emission wavelength, ϳ660 nm; threshold current I th ϳ 12 mA) and was mounted on a copper heat sink in which the temperature was controlled by TE coolers.
A temperature controller (ILX LDT-5412) with 0.1 ± C resolution was applied. A low-noise current driver (ILX LDX 3412) drove the LD, and a low-noise filter (ILX 320) reduced current f luctuations. Two kinds of low-noise broadband photoreceiver were used for signal measurement (New Focus 1811 and 1601, with bandwidths of dc -125 MHz and 30 kHz-1 GHz, respectively). The first detector was used in the SSL signal measurement. The detector output was measured with an oscilloscope (Hewlett-Packard HP 54845A). The relative f luctuation was calculated with the original def inition of the relative intensity noise (RIN), i.e., RIN ͓͗V ͑t͒ 2 ͗V ͑t͔͒͘ 2 ͗͘͞V ͑t͒͘ 2 , where V ͑t͒ is detector output voltage and ͗ ͘ denotes the long-time average. The second detector was used in the LD signal measurement. The detector (New Focus 1601) had two output ports. The dc port output the dc part of the transferred electrical signals, and the ac port output the ac, which corresponded to laser-intensity f luctuations. The signals of two ports were measured simultaneously with an oscilloscope. Technically, the relative intensity f luctuation is RIN ͗͑ac port signal͒ 2 ͗͘͞dc port signal͘ 2 . The major f luctuations of a laser are due to its relaxation oscillation. Typically, the relaxation oscillation frequency ͑ f RO ͒ of a SSL is submegahertz to several megahertz, and f RO of a LD is from subgigahertz to several gigahertz, depending on the pump current following the McCumber relation, f RO 2p͓͑w 2 1͒͑͞t n t s ͔͒ 1͞2 , where w is the relative pump, t n is the carrier lifetime (or population inversion lifetime), and t s is photon lifetime. In this Letter we focus our attention on the region near the lasing threshold. In the experiment, f RO of the LD was smaller than 1 GHz, and f RO of the SSL was smaller than 1 MHz; hence, the detector used for each laser had an appropriate bandwidth for RIN measurements. Figure 1 presents the RIN versus the relative pump, w I ͞I th P ͞P th , for the two lasers, where I and P denote the pump current and the power, respectively, and I th and P th are the corresponding thresholds. (A total of f ive sets of data was used to evaluate the average of the RIN, and each set had 32,000 data points.) In the case of the LD, the measured RIN is observed to peak near the lasing threshold ͑w ϳ 1.02͒. Although the RIN is much larger in the microchip SSL than in the LD, no significant peak existed near the lasing threshold in the case of the SSL.
The issues addressed here are (1) the physical origin of the f luctuation enhancement that appears near the lasing threshold in LDs and (2) the cause of the disappearance of the peak structure with broad, pronounced RIN in microchip SSLs. The normalized single-mode LD rate equations, 7 including noise terms, are employed as the first step toward uncovering the underlying features. The rate equations are
In these equations, t is normalized to t n . K represents the lifetime ratio, t n ͞t s ; g denotes the third-order nonlinear gain coefficient; s represents the normalized photon density, b N 0 ͞N th ; N 0 and N th are, respectively, the carrier density at which the gain becomes zero and the threshold carrier density; and n N͑͞N th 2 N 0 ͒ denotes the normalized carrier density (or population inversion density). e represents the spontaneous-emission factor, h n and h s are the Gaussian white noise, and q n and q s denote the noise strength of the carrier density and the photon density, respectively. A spontaneous-emission term, en, has been added to Eq. (2). This term is important because we are investigating the behavior of lasers near the lasing threshold, where stimulated emission is weak. The last terms in Eqs. (1) and (2) are used to describe the effect of noise. The shot-noise character of the injection current in the pump process and the spontaneous and stimulated recombination cause q n , and q s results from spontaneous emission, which intrinsically should be multiplicative noise. Complexity is commonly avoided by use of additive noise as an approximation. This single-mode laser model is used for describing LDs. In the case of b 0 and g ϳ 0, the rate equations will be reduced to the typical class B lasers such as SSLs., In free-running single-mode class B lasers, including SSLs and LDs, RIN may affect FM noise through the linewidthenhancement a parameter; however, FM noise does not affect AM noise in the phenomenological rateequation approximation. Therefore, if we compare the RIN of SSLs and LDs on the same simplest basis of the rate-equation approximation, the effect of the a parameter can be dropped.
The Fokker-Planck equation corresponding to Eqs. (1) and (2) can be derived, 8 and the moment equations 8, 9 can be obtained with the Fokker-Planck equation. The moment equations contain high-order moment terms, and after we take a Gaussian closure approximation, 10 i.e., ͗͑n 2 ͗n͒͘ 2 ͑s 2 ͗s͒͘͘ ϳ 0, ͗͑n 2 ͗n͒͘ ͑s 2 ͗s͒͘ 2 ͘ ϳ 0, and ͗͑s 2 ͗s͒͘ 3 ͘ ϳ 0, a self-closed form can be obtained. The moment equations can thus be truncated as d͗n͘ dt w 1 2 b 2 ͗n͘ 2 ͗ns͘
With ͗n͘, ͗s͘, ͗ns͘, ͗n 2 ͘, and ͗s 2 ͘, we can analytically determine the f luctuation behavior, since RIN ͗͑s 2 ͗s͒͘ 2 ͗͘͞s͘ 2 ͑͗s 2 ͘ 2 ͗s͘ 2 ͒͗͞s͘ 2 . The steady states of Eqs. (3) - (7) To clarify the stability of the solutions (roots), we performed a linear stability analysis for Eqs. (3)- (7), using a continued-fraction method 11 and found that a successive transcritical bifurcation occurred near the lasing threshold. Meanwhile, direct numerical simulations of Eqs. (1) and (2) and Eqs. (3)- (7) show good correspondence to the analytical results of moment equations.
The time scales of the LDs and the SSLs are different: K ϳ 10 3 for LDs and K ϳ 10 5 -10 7 for SSLs. Furthermore, the third-order nonlinear gain, g, is large in LDs and almost zero in SSLs. Assuming typical parameters for the LD, such as b 0.375, g 15, K 10 3 , q n 3.4 3 10 23 , and q s 5 3 10 24 , the observed RIN, which peaks near the threshold injection current, has been fully reproduced, as indicated in Fig. 2 . The peak of RIN near the threshold becomes less noticeable with increasing K value. Note that the K value is estimated to be 1.33 3 10 6 for the Nd:YVO 4 laser. Adopting this value and assuming that b 0, g 0, q n 3 3 10 24 , and q s 8 3 10 23 , the RIN is calculated as a function of w. Figure 2 also contains the results corresponding to those for the Nd:YVO 4 laser. As Fig. 2 shows, the K value can be used to reproduce comprehensively the relative f luctuation enhancement seen for the LD and the disappearance of the peak structure for the SSL, shown in Fig. 1 . The nonlinear gain in microchip SSLs had less effect on the RIN. This phenomenon may result from the photon dynamics, namely the term in brackets in Eq. (2), whose effect is scaled by K, assuming that the e value remains unchanged. Figure 3 illustrates the variation caused by the nonlinear gain, g. Evidently, when w . 1, the absolute value of the RIN curve slope increases with increasing g. The peak near the threshold becomes noticeable when g is large. Consequently, it is concluded that the peculiar peaked structured of the RIN near the threshold in LDs results from the nonlinear gain. However, the RIN values are pronounced without a peak structure in microchip SSLs, owing to large f luorescence-to-photon lifetime ratios. The RIN of the microchip SSLs is intrinsically larger because of its microcavity conf igurations. In other words, the RIN of widely used LD-pumped microchip SSLs is intrinsically large because of these lasers' extremely short photon lifetimes compared with their f luorescence lifetimes.
